We report dynamical mass measurements for the components of the previously known double-lined spectroscopic subdwarfs G 006-026 B and C using the Fine Guidance Sensors (FGS) on the Hubble Space Telescope. To build the empirical mass-luminosity relation for low metallicity subdwarfs, we collect four other subdwarf systems with dynamical masses that we compare to theoretical models for various metallicities on the mass-luminosity relation. For most stars, they fall in the regions where the models predict to be low metallicity. This effort highlights the scarcity of dynamical masses for subdwarfs and that much work remains to be done to improve the mass errors and metallicity measurements of low mass subdwarfs in our Galaxy.
Introduction
Subdwarfs are Galactic fossils that presumably comprise the bulk of the halo, and are crucial touchstones of the star formation and metal enrichment histories of the Milky Way. The local paucity of subdwarfs and their intrinsic faintness make them difficult to characterize, unlike their disk counterparts. For example, there are currently only three confirmed subdwarf systems within 10 parsecs: µ Cas AB, CF UMa, and Kapteyn's Star (Monteiro et al. 2006) . Many subdwarfs are detected via high proper motion star surveys (e.g. Ryan & Norris 1991 , Gizis 1997 , Jao et al. 2005 , 2008 , Lépine et al. 2007 , and Savcheva et al. 2014 , yielding important information about their kinematics, chemical compositions, and space densities. However, their masses -the single most important parameter for a star -are still mostly unknown, but would be of great use in studies of the Galactic halo, globular clusters, and other old and/or low metallicity systems.
There are currently only a half dozen subdwarf systems (here defined as stars having [m/H] or [Fe/H]≤−0.5) with dynamical mass measurements. McCarthy et al. (1993) used infrared speckle interferometry and Drummond et al. (1995) used Adaptive Optics to measure the masses of µ Cas AB, which has [Fe/H]= −0.71 and is one of the nearest subdwarf systems. Söderhjelm (1999) reported masses for GJ 704 AB (99 Her), which has [Fe/H]= −0.58 (See Table 5 ). Recently, Horch et al. (2015) reported total masses for two subdwarf binaries (HIP 85209AB and HIP 95575AB) using the Differential Speckle Survey Instrument (DSSI) to resolve these two doubled-lined spectroscopic binaries (Goldberg et al. 2002; Halbwachs et al. 2012) . We use the mass-ratio from SB2 results and total masses from Horch et al. (2015) to get individual masses. All of these results are summarized in Table 1 . We note that HIP 81023AB and HIP 103987AB both have metallicity less than −0.5, but have preliminary orbital results from Horch et al. (2015) .
We did not include them in our analysis. Ren & Fu (2013) combined both single-lined spectroscopic data, photocentric orbital data from the Hipparcos Intermediate Astrometric Data and an empirical mass-luminosity relation to estimate masses for four additional subdwarf systems with [Fe/H]≤−0.5 (HIP 705, HIP 39893, HIP 55022, HIP 59750 and HIP 73440) . However, these masses are not measured dynamically, as they rely on an empirical mass-luminosity relation from stars with solar metallicity, so these stars are not included in our discussion. Finally, Söderhjelm (1999) reported the total system mass and mass ratio of GJ 60AB with [Fe/H]= −0.65 ). A few years later, Watson et al. (2001) reported that the system could harbor four components rather than two, with close binaries A-C and B-D, where B-D is an eclipsing binary with a period of 0.45 days.
Because of the complexity of this system, we conclude that no reliable masses for individual components have been measured, so do not include this system in the discussion.
Nearby galactic globular clusers (GCs) are also homes of low metallicities stars. Note. -All parallaxes other than µ Cas AB and GJ704 AB are from van Leeuwen (2007) . The weighted mean parallax of µ Cas AB is from van Leeuwen (2007) and van Altena et al. (1995) . The weighted mean parallax of GJ704AB is from van Altena et al. (1995) and Söderhjelm (1999 ′′ 0 on either side of the target. Observations were made through the F583W filter, which provides magnitude differences similar to the V J band in the Johnson system (hereafter, simply V ).
The spectroscopic data (Goldberg et al. 2002) , available mass estimates, and the Hipparcos distance to G 006-026 A indicated that the maximum separation of the two stars would be ±25 milli-arcseconds (mas). However, because we did not know the position angle of the binary (due to lack of knowledge of orbit's inclination and longitude of ascending node), it was not possible to select with certainty an orientation of the HST that would guarrentee that the binary would be resolved along both axes of the FGS, which has a per axis angular resolution close to 10 mas. For the first observation in 2006, we selected an observation date that corresponded to a time of maximum separation assuming an inclination of 45 degrees, but still with no knowledge of the longitude of ascending node.
The binary was well resolved along the FGS X-axis but unresolved along the Y-axis. The observed separation along the X axis allowed for an estimate of the system's inclination but left a position angle uncertainty of about +/-27 degrees (because the actual Y-axis separation can be anywhere from +/-10 mas). Subsequent observations in 2011 through 2014 were planned using the spectroscopic orbital elements combined with the FGS data previously acquired. For our last epoch in 2014, we observed the binary in two consecutive
HST orbits with a telescope roll change of 41 degrees between them in an attempted to resolve the system along both FGS axes, or to at least tightly constrain the binary position angle.
The standard strfits routine in the IRAF/STSDAS package was used to convert the archived TRANS mode FITS files into GEIS files (generic edited information sets, the original file structure used for the legacy HST instrument calibration pipelines, but still in use for FGS). For each visit these GEIS data were processed through the FGS raw data processing routine calfgsa, resulting in sets of individual interference scans in the X and Y directions across the binary. The analysis package ptrans was then used to cross-correlate, and co-add the individual scans, and to smooth the final co-added X and Y axis scans for each visit. Additional details of the reduction procedure can be found in the HST/FGS Data Handbook (http://www.stsci.edu/hst/fgs/documents/datahandbook/). 
) is a known low metallicity K6 subdwarf (Jao et al. 2008 ) with a similar color to G 006-026 BC (V − K s =4.14). Two other often used FGS calibrators, Latcol-A and HD233877, do not yield better fits/residuals than LHS 73, so we use LHS 73 as our calibrator.
Finally, we used the standard binary fit package discussed in the HST FGS Data
Handbook to compare the interference fringes, or S-curves, of G 006-026 BC to the calibrators to calculate the best fitting component magnitude difference and separations in the X and Y directions. Figure 1 shows an example fitting result for both axes in 2013.09.
The binary fit program yields the best ∆m and separation by comparing with the calibrator.
However, we notice that the fitting for this system is not sensitive to the ∆m for all scans as shown in Figure 2 . Because of this reason, we fix the ∆m at 0.3 with an error of 0.3 mag and apply this fixed value for all other scans while we use binary fit routine.
We converted these separations along the FGS axes to separations ρ and position angles θ on the sky using the HST keyword PA APER in the GEIS header, which is the position angle of the FGS Y-axis at the time of the observation. Results for the six epochs of observation are given in Table 2 
G 006-026 BC
We used the MIIPS (Multipurpose Interactive Image Processing System, (Gudehus 2001) ) package to calculate all seven orbital elements and as well as dynamical masses for the B and C components by using the FGS results from this work and radial velocities from Goldberg et al. (2002) . The radial velocity dataset includes 43 epochs/observations taken with the Center for Astrophysics Digital Speedometers, which provide velocities with residuals on the order of 1 km/s. The radival velocity data are shown in Figure 3 , with the fit to the data from our work. A total of five epochs of astrometric data from the FGS is used to complete the determination of the systems orbital elements. Figure 4 shows the plot of G 006-026 BC's relative orbit. Table 3 shows our fit to the orbital elements along with those from Goldberg et al. (2002) .
There are four (P , e, ω, T ) orbital elements and γ (system velocity) from this work in common with measurements from Goldberg et al. (2002) , and all are generally consistent. However, because this system is a challenge to resolve with FGS, the error in 
GJ 704 AB
GJ 704 AB is a visual binary with a ∼56 year orbital period at 15.6 pc. The first visual measurement of the system dates back to 1859 (Mason et al. 2015) . Heintz (1972) , Söderhjelm (1999) , and Kennedy et al. (2012) have all calculated orbits and individual masses for the components, while Malkov et al. (2012) reported a total mass for the system.
The system is also a single-lined spectroscopic binary (SB1), with an orbit published by Abt & Willmarth (2006) . Orbital results for all five studies are given in Table 4 .
As of 2015, the Washington Double Star (WDS) catalog (Mason et al. 2015) lists 240 different epochs of observations for GJ 704 AB, with the most recent measurement being that of Kennedy et al. (2012) . After removing epochs with uncertain measurements and large errors, we have adopted a dataset including 204 total measurements spanning 1859-2011 (i.e the same coverage as Kennedy et al. (2012) ), and recalculate the relative orbit by combining both WDS resolved measurements and the radial velocity data from Abt & Willmarth (2006) . For a given WDS epoch, we assign a weight for the astrometric position based on telescope aperture, system separation, and/or magnitude difference, following the prescription of Hartkopf et al. (2001) . Table 4 lists our new set of orbital elements, which are consistent with previous efforts. Our resulting orbital fit is shown in 
M V Values as Proxies for Luminosities
To develop an empirical mass-luminosity relation for subdwarfs we use M V in the Johnson system as a proxy for luminosity. Two systems, µ Cas AB and GJ 704 AB, have combined V , ∆V , and parallax measurements, so it is straightforward to obtain individual V magnitudes for each component. However, the two subdwarf systems from Horch et al.
(2015) have ∆m 692nm and ∆m 880nm rather than ∆V measurements. To convert ∆m 692 from this special narrow band to the V filter, we may (1) use synthetic spectra for low metallicity stars convolved with filter passbands to convert from ∆m 692nm to ∆V , or (2) build an empirical relation from existing systems with both ∆m 692 and ∆V measurements. The first 
Note. -The span of astrometric coverage is for visual relative positions, rho and θ, except in the case of Abt & Willmarth (2006) , where the duration of the radial velocity measurements is given. The astrometric coverage for Söderhjelm (1999) is estimated to be up to 1997, which is the latest astrometric reference in that paper. We use f = 0.4 and the total mass from Söderhjelm (1999) to estimate individual masses for that effort. Malkov et al. (2012) empirical and model mass-luminosity relations, here we try to limit the use of synthetic spectra to derive any stellar parameters, including V , so we use the second method.
To create a reliable conversion from ∆m 692 to ∆V , we first searched the WDS for systems with both measurements. Unfortunately, we found no such systems, but we did find 51 systems with both ∆m 692 and ∆V T ycho measurements. A linear relation between measurements through these two filters is shown in Figure 6 .
Ideally, we would then convert ∆V T ycho to ∆V using the polynomial conversion provided by (Mamajek et al. 2002) . However, this conversion requires the B T − V T colors of each star, which is currently unavailable for any of two systems. Nonetheless, we note that the error in our relation shown in Figure 4 is ∼0.46 mag between ∆V T ycho and ∆m 692 , which is much larger than the conversion error between Johnson V and V T ycho . Therefore, until direct ∆V measurements are available, we assume ∆V T ycho ≈ ∆V for the two subdwarf systems in Horch et al. (2015) and adopt ∼0.46 mag for our V errors.
The G 006-026 BC system targeted with FGS also has no ∆V measurement, but we can use our ∆m 583W value from the FGS observations discussed in section 2. Henry et al. (1999) have noted that the F583W filter in HST's FGSs nearly matches the Johnson V passband and provided a relation to convert ∆m 583W to ∆V . Although their relation was derived for stars presumed to have solar metallicity, we assume that even if the magnitudes will be different for subdwarfs vs. main sequence stars, the colors between two stars in a system will not be drastically different. So, we assume ∆m 583W ≈ ∆V for G 006-026 BC.
The Empirical Mass-Luminosity Relation and Discussion
We plot the 10 low-metallicity subdwarfs discussed here as solid points on and empirical mass-luminosity relation shown in Figure 7 . The masses come directly from Tables 1, 3 and 4, where in addition to the subdwarfs, main sequence stars with masses from Delfosse et al. (2000), Torres et al. (2010) , and Benedict et al. (2016) are plotted in Figure 7 . These main-sequence stars generally fall along the 1 Gyr theoretical isochrone from Baraffe et al. (2015) , shown with a solid line.
The ages of low metallicity stars are primarily measured using nearby GCs. Recently, Bono et al. (2010) and Correnti et al. (2016) acquired deep optical and near-IR photometry from the ground and HST to extend the detected GC populations down to early M dwarfs.
Many of these clusters/cool dwarfs have ages estimated to be around ∼11 Gyrs. In addition, Monteiro et al. (2006) measured the first ages for two cool field K subdwarfs via their white dwarf companions' cooling curves, and found that these likely thick disk subdwarfs have ages of 6-9 Gyr.
However, until we can link the origins of these field subdwarfs to nearby GCs, we conservatively adopt 6 Gyr as the age for the all nearby subdwarfs. We sketch 6
Gyr isochrones for stars with [m/H] = −0.5, −1.0, and −2.0 from BT-Settl isochrones (Baraffe et al. 2015) in Figure 7 to permit comparisons to the empirical points for the subwarfs. According to the models, low metallicity subdwarfs appear brighter in M V than dwarfs at a given mass, or alternately, are less massive for a given M V . Photodetector and Array Camera and Spectrometer (PACS) at 100 and 160 µm to reveal a rare and convincing circumbinary polar-ring debris disk around GJ 704 AB. This makes this system very unusual because this disk has somehow been maintained or created around a presumably old subdwarf binary. M V values used in Figure 7 for GJ 704 A and B do not include any adjustment for obscuration by the disk, which is likely to be minimal. If such an adjustment is required, the points would move to brighter M V , and the locations of the points would be towards even lower metallicity.
The remaining subdwarfs systems generally fall along the low metallicity curves.
Because of the large mass errors of HIP 85209 AB and HIP 95575 AB measured by Horch et al. (2015) , it is difficult to make a direct comparison between observations and models. Latham et al. (1992) (2006) measured the dynamical masses of these subdwarfs using FGS, and determined via comparisons to the theoretical Yale-Yonsei models that the system should have metallicity close to −0.5. We note that the mass errors for HIP 85209 A and B are relatively large, so these two stars do not place strict constraints on the models.
Finally, both components in the new system described in this paper, G 006-026 B and C, merge with points for main sequence stars with solar metallicity in the MLR.
This presents a conflict with the low metallicity measurements discussed in Section 1 -the points should lie near the [m/H] = −0.5 or −1.0 lines in Figure 7 . For example, Carney et al. (1994) used high S/N echelle spectrograph to determine the metallicity of the primary in the system G6-26A, which is also a SB2 binary with a period of 8.7 days (Goldberg et al. 2002) . They discussed the challenges of measuring the metallicities of SB2 In order to move the masses of B and C components to the low metallicity region, B component's mass would need to be reduced to ∼0.3 M ⊙ (62.7% of 0.478 M ⊙ ) to fall on the −0.5 metallicity curve on Figure 7 . In Kepler's Third Law, such a mass decrease requires that the semi-major axis drop by 15%. There would then be a corresponding reduction in the projected separation (ρ) measured using FGS. Figure 8 shows an example of changing the projected separation along the X-axis by 15% while comparing to our best fitted S-curve. Note the poor fit to the FGS data, compared to the much better correct fit. In addition, because our orbital parallax matches that from Hipparcos, it is difficult to change the semi-major axis of this system from our derived value of 10.8 mas. Given that it is hard to dispute the three independent metallicty measurements or shrink the separation between B and C, we are left with no easy answer to the conundrum that that two points do not fall on the MLR where they should.
Given the overall trend that subdwarf systems are elevated in the mass-luminosity relation and match with the model, but there are several confounding factors that challenge observational programs focusing on mapping the mass-luminosity relation for subdwarfs, including (1) metallicity errors may be large because all available subdwarf binaries have separations less than 1 ′′ , so the acquired spectra used to determine metallicities are for two objects, not one, with consequent complications when measuring linewidths (G 006-026 AB is the only system to have an early type primary, which can be used to determine metallicity independently.), (2) mass errors are large because subdwarfs are rare and further away than comparable main sequence systems in the solar neighborhood, so parallax errors are larger,
accurate ∆V measurements are not available for a few systems and conversions from other filters are imperfect (although overall, this is not likely to be a major problem), (4) not all of the systems are of the same age, so comparison to a single isochrone for 6 Gyr-old systems may not be appropriate.
This work shows that building an empirical mass-luminosity relation for subdwarfs has just begun. Only two subdwarf systems, µCas AB and GJ 704 AB, are clearly off the metallicity curves for main-sequence stars and have low mass errors, so there remains significant work to do in understanding the astrophysics that drives the locations of low metallicity stars on the mass-luminosity relation. We can make progress in our understanding of these Galactic fossils, as well as the star formation history and mass distribution of stars in the Milky Way, by discovering more subdwarf binaries for which high-quality metallicities, luminosities, and masses can be measured.
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